RG. Creatine kinase overexpression improves ATP kinetics and contractile function in postischemic myocardium. Am J Physiol Heart Circ Physiol 303: H844 -H852, 2012. First published August 10, 2012; doi:10.1152/ajpheart.00268.2012.-Reduced myofibrillar ATP availability during prolonged myocardial ischemia may limit post-ischemic mechanical function. Because creatine kinase (CK) is the prime energy reserve reaction of the heart and because it has been difficult to augment ATP synthesis during and after ischemia, we used mice that overexpress the myofibrillar isoform of creatine kinase (CKM) in cardiac-specific, conditional fashion to test the hypothesis that CKM overexpression increases ATP delivery in ischemic-reperfused hearts and improves functional recovery. Isolated, retrograde-perfused hearts from control and CKM mice were subjected to 25 min of global, no-flow ischemia and 40 min of reperfusion while cardiac function [rate pressure product (RPP)] was monitored. A combination of 31 P-nuclear magnetic resonance experiments at 11.7T and biochemical assays was used to measure the myocardial rate of ATP synthesis via CK (CK flux) and intracellular pH (pHi). Baseline CK flux was severalfold higher in CKM hearts (8.1 Ϯ 1.0 vs. 32.9 Ϯ 3.8, mM/s, control vs. CKM; P Ͻ 0.001) with no differences in phosphocreatine concentration [PCr] and RPP. End-ischemic pHi was higher in CKM hearts than in control hearts (6.04 Ϯ 0.12 vs. 6.37 Ϯ 0.04, control vs. CKM; P Ͻ 0.05) with no differences in [PCr] and [ATP] between the two groups. Postischemic PCr (66.2 Ϯ 1.3 vs. 99.1 Ϯ 8.0, %preischemic levels; P Ͻ 0.01), CK flux (3.2 Ϯ 0.4 vs. 14.0 Ϯ 1.2 mM/s; P Ͻ 0.001) and functional recovery (13.7 Ϯ 3.4 vs. 64.9 Ϯ 13.2%preischemic RPP; P Ͻ 0.01) were significantly higher and lactate dehydrogenase release was lower in CKM than in control hearts. Thus augmenting cardiac CKM expression attenuates ischemic acidosis, reduces injury, and improves not only high-energy phosphate content and the rate of CK ATP synthesis in postischemic myocardium but also recovery of contractile function. creatine kinase; ischemia-reperfusion; metabolism; ATP THE CREATINE KINASE (CK) REACTION plays a central role in cardiac energy metabolism, maintaining cellular ATP levels during periods of increased demand by rapid and reversible conversion of phosphocreatine (PCr) and ADP to ATP and creatine (32). Severe ischemia reduces myocardial high-energy phosphates (HEP) with a rapid decline in PCr and a slower fall in ATP followed by a poor recovery of the rate of ATP synthesis via CK (i.e., CK flux) and contractile function during reperfusion (6, 17, 24). A critical role for ATP delivery by CK in ischemic-reperfused myocardium is suggested by impaired recovery of postischemic mechanical function in rabbit hearts subjected to pharmacological inhibition of CK (30) and in mouse hearts with CK gene deletion (36). Nonetheless, attempts to improve CK energy metabolism in the postischemic myocardium have had limited success. Although pharmacological agents improve HEP levels and mechanical function in postischemic hearts (27, 42) , these effects are largely associated with reduced myocardial energy demands rather than direct augmentation of CK. Consequently, the possibility that direct CK augmentation might enchance contractile function in the ischemia-reperfusion setting is appealing but unproven.
THE CREATINE KINASE (CK) REACTION plays a central role in cardiac energy metabolism, maintaining cellular ATP levels during periods of increased demand by rapid and reversible conversion of phosphocreatine (PCr) and ADP to ATP and creatine (32) . Severe ischemia reduces myocardial high-energy phosphates (HEP) with a rapid decline in PCr and a slower fall in ATP followed by a poor recovery of the rate of ATP synthesis via CK (i.e., CK flux) and contractile function during reperfusion (6, 17, 24) . A critical role for ATP delivery by CK in ischemic-reperfused myocardium is suggested by impaired recovery of postischemic mechanical function in rabbit hearts subjected to pharmacological inhibition of CK (30) and in mouse hearts with CK gene deletion (36) . Nonetheless, attempts to improve CK energy metabolism in the postischemic myocardium have had limited success. Although pharmacological agents improve HEP levels and mechanical function in postischemic hearts (27, 42) , these effects are largely associated with reduced myocardial energy demands rather than direct augmentation of CK. Consequently, the possibility that direct CK augmentation might enchance contractile function in the ischemia-reperfusion setting is appealing but unproven.
Because the rate of turnover of HEPs through CK is decreased after ischemia and related to ventricular performance (6, 25) , reduced CK flux may, in part, limit postischemic function (2, 3) . Thus increasing cardiac CK expression is a logical approach to augment basal CK metabolism and to test whether CK overexpression increases ATP delivery via CK in ischemic-reperfused hearts and improves functional recovery. We generated cardiac-specific, conditional transgenic mice that overexpress the myofibrillar isoform of CK (CKM) (12) and subjected them to total global ischemia followed by reperfusion. We hypothesized that cardiac CKM overexpression delays ATP depletion during ischemia, and improves recovery of HEP, CK flux, and contractile function in postischemic myocardium. 31 P-magnetic resonance (MR) spectroscopy (MRS) was used to quantify the ex vivo energetic consequences of cardiac CKM transgene expression throughout the ischemiareperfusion protocol in the same hearts. We report here that myocardial CKM overexpression improves ATP kinetics, attenuates ischemic acidosis, and better preserves postischemic energetics and contractile function.
METHODS

Transgenic mice. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the Institutional Animal Care and Use Committee of the Johns Hopkins University. Double-transgenic mice overexpressing CKM and the regulatory protein tetracycline-controlled transactivator (tTA) were generated using the Tet-Off system as described previously (12) . Briefly, mice encoding tTA under the control of ␣-myosin heavy chain promoter (␣-MHC-tTA mice) were obtained first. Subsequently, mice expressing the gene of interest (i.e., CKM) under the control of tetracycline-responsive element were generated by microinjecting the CKM construct into fertilized mouse embryos (C57BL/6 strain) at the University of California, Los Angeles Transgenic Core facility. Double-transgenic mice were obtained by crossing tetracycline-responsive element-CKM mice with ␣-MHC-tTA mice, which allows conditional cardiac-specific transgene expression that was confirmed by genotyping. This allowed the CKM transgene to be expressed in a cardiac-specific conditional fashion. Double transgenic mice were chronically fed a diet containing doxycycline (650 mg/kg, Diet-2018 Teklad global). Gene induction was achieved by switching to a regular diet without doxycycline at least 4 wk before these studies. Age-matched littermates, expressing only tTA, were also fed a regular diet without doxycycline for at least 4 wk before study and were used as controls.
Heart perfusion. Male mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (80 mg/kg body wt and repeated as necessary until a deep level of anesthesia was obtained as documented per toe pinch). After administration of a pentobarbital overdose, hearts were isolated and subjected to retrograde perfusion via the aortic cannula (Langendorff mode) at constant pressure of 100 cmH2O as previously described (12) using modified Krebs-Henseleit buffer at 37°C containing (in mM) 118.5 NaCl, 25 NaHCO 3, 5.9 KCl, 1.2 MgSO 4, 1.6 CaCl2, and 5 glucose. A water-filled latex balloon attached to a pressure transducer was inserted into the left ventricular cavity via the mitral valve. Left ventricular developed pressure [LVDP], change in pressure over time, and heart rate were recorded using a PowerLab system (AD Instruments) and the rate pressure product [RPP ϭ LVDP ϫ heart rate] was calculated.
Perfused hearts were placed inside a 10-mm diameter Nuclear Magnetic Resonance (NMR) tube and lowered into a Bruker Avance-500 (11.7T) vertical bore MR system interfaced with Xwin NMR software. Temperature was maintained at 37.0 Ϯ 0.5°C by the variable temperature unit of the spectrometer. After baseline perfusion for 25 min, hearts were subjected to 25 min of no-flow ischemia at 37°C followed by 40 min reperfusion. Recovery of contractile function during reflow was expressed as a percentage of the preischemic LVDP and RPP.
31 P-NMR spectroscopy. Relative changes in the concentration of phosphorus metabolites were recorded during the ischemia-reperfusion protocol by acquiring consecutive 3-min 31 P-NMR spectra at 202.5 MHz without proton decoupling by signal averaging 128 scans and using sweep width of 8,090 Hz (pulse width 12 s, flip angle 67°, relaxation delay 1 s). The areas for PCr, ␤-ATP, and inorganic phosphate (Pi) were determined using National Institutes of Health Image analysis software (ImageJ) and expressed as a percentage of the respective peak areas of preischemic control spectra for each heart. Intracellular pH (pHi) was estimated from the chemical shift of Pi peak relative to PCr as described previously (8) . Because hearts were perfused with a phosphate-free buffer, the Pi peak exclusively depicted intracellular phosphate.
Magnetization transfer (MT) was performed to measure the rate of ATP synthesis via CK (i.e., CK flux) by applying a continuous-wave saturating pulse (62 dB, 64 scans, pulse width 16 s, flip angle 90°) centered at the ␥-ATP for 8 s and measuring the PCr signal intensity (M0=). A control experiment was performed in which the selective irradiation was placed downfield at a frequency equidistant from the PCr resonance before measuring the PCr signal (M 0). An entire MT experiment was completed in 18 min. MT experiments were performed both at baseline before ischemia and during reflow to determine the pseudo-first-order rate constant (kPCr¡ATP) for the forward CK reaction (PCr ϩ ADP ϩ H ϩ ¡ ATP ϩ creatine). Intrinsic T1 PCr, the relaxation time of PCr in the absence of chemical exchange, was calculated in other studies in control and CKM hearts (12, 13) and used here to quantify kPCr¡ATP [kPCr¡ATP ϭ (M0 Ϫ M0=)/(T1PCr ϫ M0=)] as described previously (9) . CK flux was determined as the product of kPCr¡ATP and [PCr] (12, 13) .
MT experiments were also used to quantify the unidirectional rates of ATP synthesis from P i in the myocardium. kPi¡ATP, the pseudofirst order rate constant for Pi¡ATP synthesis, was determined by measuring the Pi signal in the presence (M0 = Pi) and absence (M0Pi) of ␥-ATP resonance saturation as described above. Intrinsic T1Pi, the spin lattice relaxation time for Pi in the absence of chemical exchange calculated in an earlier study (35) , was used here to determine kPi¡ATP [kPi¡ATP ϭ (M0Pi Ϫ M0=Pi)/ (T1Pi ϫ M0=Pi)]. ATP synthesis from Pi was then determined as the product of [Pi] and kPi¡ATP (35) .
Biochemistry. At the end of reperfusion, hearts were rapidly frozen in liquid nitrogen and weighed. Perchloric acid extracts of cardiac tissue were obtained (14) and myocardial [ATP] measured using a luciferase enzyme-based method (31) .
In a separate series of experiments, isolated hearts from control and CKM mice were perfused for rapid freezing at baseline, end-ischemic, and end-reperfusion conditions to measure myocardial-free creatine levels, CKM and CK-mitochondrial (CK-mito) protein expression, in vitro total CK activity, and lactate dehydrogenase (LDH) release during reperfusion to quantify tissue injury. Myocardial-free creatine was determined in perchloric acid extracts of tissue using an enzymelinked assay (37, 38) , whereas total in vitro CK activity (12) and LDH release (23) were measured as described previously. Expression of CKM and CK-mito isoforms were determined by standard Western blotting techniques as reported previously (7) using antibodies specific to CKM and CK-mito as described recently in detail (12 
Statistical analysis. Data are expressed as means Ϯ SE. Comparison of two groups was performed with paired or unpaired Student's t-test, as appropriate, whereas multiple comparisons were performed with ANOVA. Significance for repeated variables was determined by repeated-measures ANOVA. A value of P Յ 0.05 was considered statistically significant.
RESULTS
Baseline characteristics of CKM overexpressing hearts. Myocardial CKM gene overexpression augmented CKM protein expression by ϳ200% and increased total CK activity by about ϳ300% but did not affect CK-mito protein expression in CKM versus control hearts (Fig. 1) . Nonetheless, heart weight [181.6 Ϯ 10.5 vs. 206.6 Ϯ 10.9 mg, control vs. CKM; P ϭ not significant (NS)] and heart weight-to-body weight ratios (5.0 Ϯ 0.4 vs. 5.4 Ϯ 0.4 mg/g, control vs. CKM; P ϭ NS) were comparable in the two groups, as were baseline myocardial function (Table 1) Ischemia. Within 5 min of the onset of global, total ischemia, LVDP was undetectable in both groups with no differences between the groups (data not shown). CKM expression was unchanged at the end of ischemia, as compared with baseline values in both groups, whereas mean in vitro CK activity declined by about 25-30% in control hearts (Fig. 1) . Changes in myocardial ATP determined by 31 P-MRS during ischemia in control and in CKM hearts are shown in Fig. 2A . ATP levels declined steadily but were not significantly different between the two groups, with levels reaching 8 -18% of initial, baseline ATP values at the end of ischemia. PCr decreased rapidly during ischemia in both groups with levels falling to ϳ10% of initial PCr in the first 5 min (Fig. 2B) . The pH i fell more during ischemia, particularly after 12 min of ischemia, in control than in CKM hearts (Fig. 2C ) with values reaching 6.04 Ϯ 0.12 vs. 6.37 Ϯ 0.04, respectively (P Ͻ 0.05), at the end of ischemia, suggesting better preservation of intracellular milieu in CKM hearts.
Reperfusion. Toward the end of reperfusion, CKM hearts showed three-to fourfold better functional recovery (LVDP and RPP as % baseline) than control hearts (Table 1 ). In vitro CK activity trended below ischemic values in control but not CKM hearts (Fig. 1 ). There were no significant differences in ATP levels between control and CKM hearts (4.9 Ϯ 0.5 vs. 6.3 Ϯ 0.4 mM, control vs. CKM, determined by luciferase assay; P ϭ 0.07) with levels reaching ϳ30% of initial, baseline ATP values by the end of reperfusion ( Fig. 2A) . However, PCr levels increased in both groups and reached ϳ66% of preischemic levels in control hearts and ϳ99% of preischemic levels in CKM hearts (control vs CKM; P Ͻ 0.01; Fig. 2B ). During reperfusion, pH i returned to preischemic levels in both groups (Fig. 2C) . Creatine was similar in control and CKM hearts at the end of reperfusion (5.2 Ϯ 0.6 vs. 6.1 Ϯ 1.3 mM; P ϭ NS) as were [ADP] (13.8 Ϯ 0.8 M vs. 13.8 Ϯ 0.7 M; P ϭ NS) and ⌬G ϳATP (Ϫ54.1 Ϯ 0.4 vs. Ϫ54.7 Ϯ 0.4 kJ/mol; P ϭ NS). Cumulative LDH release over 40 min of reperfusion was significantly lower in CKM (28.8 Ϯ 7.4 units/g) than in control (69.4 Ϯ 10.5 units/g; P Ͻ 0.02) hearts, indicating less ischemic/reperfusion injury in the former.
Saturation transfer. Figure 3 , A and C, shows the representative MT spectra from control and CKM hearts at baseline. The reduction in PCr signal intensity with ␥-ATP saturated (left vs. right spectrum in each pair) is directly proportional to the rate of ATP synthesis through CK (43) , control vs. CKM; P ϭ 0.86) and unidirectional rates of ATP synthesis from P i (1.64 Ϯ 0.4 vs. 2.5 Ϯ 0.6 mM/s; P ϭ 0.26) were not different between the two groups. Figure 3 , B and D, shows the representative MT spectra from control and CKM hearts, respectively, during reperfusion. approximately threefold higher in CKM than in control hearts during reperfusion (Fig. 4) . Thus CKM overexpression increases the rates of ATP synthesis from both the CK reaction and from P i during postischemic reperfusion.
DISCUSSION
Myocardial energy metabolism, and particularly that related to CK, is deranged during ischemia-reperfusion as evidenced by a decline in PCr and ATP during ischemia together with a decrease in the rate of ATP synthesis via CK during reperfusion (6, 17, 24) . We report here that cardiac-specific overexpression of the myofibrillar isoform of CK limits the ischemic fall in pH i and during reperfusion enhances the rate of ATP synthesis via CK and from inorganic phosphate, reduces LDH loss, and improves contractile function. These changes demonstrate that augmenting cardiac CK expression improves ATP kinetics and mechanical function and reduces injury in postischemic myocardium.
CKM overexpression resulted in a twofold increase in mean myocardial CKM protein expression (vs. control hearts; Fig. 1 ) together with a two-to threefold increase in in vitro CK activity, k PCr ¡ ATP , and ATP flux via CK but no change in [ATP] (Fig. 4) , PCr/ATP, heart weight/body weight, or contractile function at baseline (Table 1 ). These observations suggest that CKM is at equilibrium in the normal heart since enhanced CKM expression augments ATP flux via CK without affecting the relative or absolute amounts of CK metabolites and/or cardiac morphology and function.
A role for CK in postischemic recovery of contractile function has been suggested by the blunted recovery of ventricular performance following an ischemic insult in CK-deficient mouse hearts (36) and in rabbit hearts pretreated with iodoacetamide, a CK inhibitor (30) . Furthermore, increased susceptibility of hearts with genetic ablation of guanidinoacetate-Nmethyltransferase, the final enzyme in the creatine synthesis pathway, to ischemia-reperfusion injury and to impaired contractile reserve also suggests that the CK system can affect contractile function in the ischemia-reperfusion setting (40) . However, none of the prior approaches specifically augmented CK capacity to determine whether that could improve postischemic recovery. Thus we chose to augment CK expression and myofibrillar ATP synthesis through CK in murine myocardium rather than enhance CK metabolite pool sizes. It is noteworthy here that pharmacological strategies to preserve myocardial HEP levels and function postischemia have done so by primarily inhibiting cellular calcium overload, reducing myocardial energetic demand, or by increasing coronary flow (18, 27, 42) but not by directly augmenting CK. Furthermore, chronic creatine feeding in rats failed to augment myocardial HEP levels, ATP flux via CK, and contractile function after myocardial infarction (16) . Indeed, a genetic approach to augment murine myocardial HEP levels by overexpressing sarcolemmal creatine-transporter resulted in left ventricular hypertrophy, dilatation, and contractile dysfunction together with increased ADP concentration and decreased free-energy levels (41) . In contrast, our strategy to enhance CK expression in the heart improved ATP synthesis via CK and consequently function in the reperfused myocardium, a finding that is truly novel and provides a better understanding of the role of CK metabolism in the postischemic myocardium.
The CK reaction serves as spatial and temporal ATP buffer in the myocardium maintaining high cytosolic [ATP] at sites of ATP utilization and low ADP levels at sites of ATP synthesis (32) . Both temporal and spatial buffering actions of CK may be important when energy demands vary widely during the cardiac cycle and with augmented cardiac work (15) . The ϳ60% reduction in CK flux in control hearts during reperfusion could limit contractile ATP supply or increase cytosolic-free ADP. The drop in CK flux in control hearts was due to a fall in both k PCr ¡ ATP and [PCr] . An approximately fourfold higher ATP flux via CK observed in CKM hearts postischemia implies that these hearts replenish the ATP pool (assuming no change in oxidative phosphorylation) in a quarter of the time taken by control hearts thereby, rapidly generating myofibrillar ATP and maintaining a low myofibrillar ADP concentration. However, the global, time-averaged free cytosolic [ADP] was not different between control and CKM hearts during reperfusion. This suggests that the main affect of CKM overexpression during reperfusion is to increase rates of myofibrillar ATP delivery via CK rather than by further lowering cytosolic [ADP] diminished during reperfusion, a local subcellular effect notwithstanding (1, 19) .
The attenuation of ischemic acidosis here in CKM overexpressing hearts compares with that observed in livers overexpressing the brain-isoform of CK (22) . In contrast with control livers devoid of CK expression and activity, livers expressing CK maintained a significantly higher pH i and ATP during ischemia, suggesting better pH buffering by CK, and they also evidenced less cellular injury during reperfusion (22) . The CK reaction consumes protons (PCr ϩ ADP ϩ H ϩ ↔ ATP ϩ creatine). Myocardial CKM overexpression could therefore augment proton consumption, and this alkalinizing effect could, in addition to unidentified factors, attenuate acidosis in CKM hearts. Greater ischemic acidosis in control hearts (vs. CKM hearts) observed here could jeopardize functional recovery by augmenting reperfusion-related Na ϩ /H ϩ exchange and (24, 29, 39) . Because intracellular pH was not independently modulated in control hearts during ischemia to that of CKM hearts, we cannot determine the extent to which the higher end-ischemic pH in CKM hearts per se contributed to their improved PCr recovery. However, in contrast, the more rapid recovery of pH i during the first minutes of reperfusion in CKM hearts as compared with control (Fig. 2C) would be expected to impair, rather than improve, their functional and PCr recovery (20, 26) . Thus the attenuated ischemic acidosis and more rapid pH normalization during reperfusion with CKM overexpression may have offsetting effects on metabolic and functional recovery.
It is worth mentioning that the 31 P-NMR saturation transfer method implemented here measures the unidirectional CK flux in the forward direction (i.e., in the direction of ATP synthesis) in the intact beating heart. The experiment can be performed with a different saturation scheme to measure the reverse reaction (i.e., in the direction of PCr synthesis) in which case the two can be summed to calculate net CK flux. In vitro CK activity in heart extracts correlates with, but is not the same as, CK flux in the intact heart since enzymatic conditions, pH, temperature, substrate-to-product ratios, post-translational modification of the enzyme, and other factors may not precisely replicate those of the beating heart. Changes in the rate of ATP synthesis through CK can be predicted from the CK rate equation (4) and compared with changes measured by 31 P-MR in the beating heart to gain insight into factors controlling CK (4). Under baseline conditions, CKM overexpression increases the predicted rate of ATP synthesis through CK by 240% in agreement with the 260% increase in CK flux measured by 31 P-MRS (Fig. 4 and Table 2 ). Reperfusion reduced the predicted rate of ATP synthesis through CK by ϳ80% and ϳ57% in control and CKM hearts, respectively, which is comparable with the 60% and 51% reductions, respectively, in measured cardiac CK flux. This suggests that under baseline and reperfusion conditions CK enzyme activity and metabolite concentrations are major determinants of CK flux in the beating heart, as previously shown for in vivo conditions in the rat (4) . A way to look at the intrinsic properties of the CK protein and substrate control is to compare the rate of CK flux in the intact heart with the maximal CK activity in heart extracts (V max from Eq. 3) (33). The mean ratio of CK flux to CK V max (after both are converted to common units of millimoles per second; Table 2 ) was 0.21 and 0.18 for baseline and reperfusion conditions, respectively, in control mice. These are comparable with previously reported baseline values of ϳ0.15 in wild-type mice (33) and suggest that, under control conditions for a given amount of CK enzyme, the CK reaction is primarily under similar substrate control during baseline and reperfusion. In CKM hearts, the ratio of CK flux to CK V max was 0.18 and 0.09 for baseline and reperfusion conditions, respectively, indicating substrate control for baseline conditions akin to that of control hearts, but reduced CK flux for the elevated amount of CK enzyme present in CKM mice during reperfusion. In summary, the CK enzyme has minimal nonsubstrate regulation during baseline and reperfusion conditions in control hearts, whereas the relative changes in rates of CK flux measured during CKM overexpression in intact hearts are in good agreement with those theoretically predicted. We cannot exclude the possibility that the intrinsic properties of the overexpressed CK are somewhat altered by post-translational modification (34) during reperfusion. Nevertheless, the net effect of CKM overexpression is a pronounced approximately threefold increase in the rate of ATP synthesis via CK in the reperfused heart along with a significant improvement in mechanical function. These 31 P-NMR data were also analyzed to quantify the rate of phosphoryl exchange between inorganic phosphate and ATP in the direction of ATP synthesis. This rate was similar in control and CKM hearts at baseline, was unchanged during reperfusion in control hearts, but increased nearly fourfold during reperfusion in CKM hearts (Fig. 4C) . The unidirectional rate of P i ¡ATP exchange is influenced by all reactions in which ATP is generated from inorganic phosphate. In the perfused heart the main sources of this exchange are mitochondrial oxidative phosphorylation and GAPDH and phosphoglycerate kinase (PGK) (5, 10) . The rate of oxidative phosphorylation has been related to postischemic functional recovery, whereas ATP flux through GAPDH/PGK has been closely linked to sarcoplasmic reticular calcium handling and homeostasis (44) , critical during reperfusion. Although we cannot distinguish the relative contribution of these sources of P i ¡ATP flux in these studies, it is clear that the fourfold increase (to ϳ6 mM/s) provides significant additional ATP availability to support improved ionic homeostasis and contractile recovery during reperfusion.
Although cardiac-specific CKM overexpression improves the rate of ATP synthesis via CK and functional recovery postischemia, it does not completely normalize contractile function in this model. Nonetheless, CKM is the predominant isoform in the adult mammalian heart and, as such, was a rational primary target to test our hypothesis. Indeed, CKM overexpression improved CK function, as evidenced by enhanced ATP flux through CK in the postischemic myocardium. It is not clear whether the improvement in postischemic contractile function is due to the attenuation of ischemic acidosis, the improvement in myofibrillar ATP delivery during reperfusion, both, or another factor resulting from the improved metabolic status due to CKM overexpression. Nevertheless, this transgenic approach is an effective mode of augmenting CK capacity in the postischemic heart. However, future work is needed to delineate the mechanisms that impair CK flux during and following an ischemic insult and the impact of manipulations of other CK isoforms, so as to optimize physiologically favorable approaches to prevent and/or reverse the critical decline in CK capacity.
Limitations. A key limitation of this study is that the isolated hearts were perfused with glucose as the only substrate, although long chain fatty acids are the dominant energy source in the in vivo well-oxygenated heart. Nevertheless, the role of glucose metabolism and glycolysis is increased during ischemia and glucose has been used as the sole substrate in isolated perfused heart studies over many years. Carbon substrate choice was not the focus of this study, but it is important to emphasize that exogenous substrate availability was identically matched between the control and CKM hearts.
Although the sample size used here was modest, nevertheless it was sufficient to identify statistically significant differences in metabolic and functional parameters and in line with American Physiological Society recommendations of the use of a minimum number of animals to produce scientifically valid results (http://www.the-aps. org/mm/SciencePolicy/Animal-Research/Publications/animals/ quest3.html). Summary. In summary, we show that ATP synthesis via CK and contractile function are diminished in the postischemic myocardium and that augmenting cardiac CKM expression improves ATP kinetics and mechanical function in postischemic reperfused hearts. These findings highlight a crucial role for CK reaction in the pathogenesis of postischemic contractile dysfunction and suggest that enhancing CK expression offers an important strategy for improving myofibrillar ATP delivery Values are means Ϯ SE. The measured creatine kinase (CK) flux (in mM) is the rate of ATP synthesis through CK measured by 31 P-magnetic resonance spectroscopy (MRS) in intact hearts. Predicted CK flux is the predicted rate of ATP synthesis through CK calculated from the CK rate reaction. CK Vmax is the CK enzyme activity determined from heart extracts at 37°C (from Fig. 1C) . and mechanical function and for reducing injury in reperfused myocardium.
ACKNOWLEDGMENTS
We thank Haiying Pu and Jing Gao for technical assistance in generating the CK transgenic mice.
GRANTS
This work was supported by National Heart, Lung, and Blood Institute Grants HL-63030 (to R. G. Weiss) and HL-39752 (to C. Steenbergen) as well as funds from the Donald W. Reynolds Foundation and the Clarence Doodeman Endowment.
DISCLOSURES
Under a licensing agreement with NanoCor Therapeutics, Dr. Weiss is entitled to a share of royalty on sales of technology related to CK gene therapy. Dr. Weiss also is a paid consultant to and Scientific Advisory Board member of NanoCor Therapeutics. The terms of this arrangement are being managed by the Johns Hopkins University in accordance with its conflict of interest policies. 
AUTHOR CONTRIBUTIONS
